This paper presents site period investigations at nodes on a 1-km grid within a 6-km by 8-km area in Vancouver and Richmond, BC. The area includes a range of site conditions, and is selected as the pilot application area for an urban seismic instrumentation project (Canadian Urban Seismology Program -CUSP) undertaken by the Geological Survey of Canada (GSC). The pilot project area is situated in one of the most seismically active regions in Canada and part of it lies on thick deltaic sediments that are known to have amplified ground motions during past earthquakes. Reliable site response models for the area are needed to quantify the amplification potential. Microtremor measurements provide a relatively inexpensive and simple tool to obtain one of the key parameters in site response studies, the site period. A series of microtremor measurements in the pilot CUSP area yielded site periods ranging from 0.05 seconds at bedrock outcrop to 4.2 seconds at some sites on the Fraser River delta in Richmond. Site periods were also estimated using a 1-D site-modeling program, SHAKE, for sites on the Fraser River delta. Each site was represented by a simplified 3-layer model with Holocene deposits, Pleistocene deposits and bedrock. The highest site period obtained from SHAKE modeling was 4.4 seconds about 3 km east of Richmond City Hall, for which the microtremor measurements indicated a site period of 4.2 seconds.
INTRODUCTION
The Geological Survey of Canada (GSC) has recently initiated the Canadian Urban Seismology Program (CUSP) aiming to help mitigate the impacts of earthquakes in Canada by deploying an advanced national earthquake monitoring system in urban centres at risk. A demonstration network as part of this program is partially completed in a 6-km by 8-km area straddling the Fraser River with the City of Vancouver to the north and the City of Richmond to the south. The final network is to consist of about 60 strong-motion recording instruments installed in a grid, with a distance of roughly 1-km between each instrument ( Figure  1 ). This area, which forms the study area for this paper, is located in the most seismically active region in Canada, and is also highly populated with ongoing rapid urban development. The surface geology here ranges from bedrock outcrop to thick Fraser River delta sediments (Figure 2, adopted from [1] ). The southern section of the study area, the Fraser River delta, has high likelihood of amplification of earthquake shaking as well as liquefaction of cohesionless soils, which are saturated due to high ground water table at the delta. The study area is of interest also because of CUSP strong motion network, through which strong motion data will eventually be available at these grid points.
Reliable site response models for the area are needed to estimate the amplification potential and the probabilistic and deterministic distributions of the peak and spectral amplitudes of ground shaking at the surface. Microtremor measurements provide a relatively inexpensive and simple tool to obtain one of the key parameters in site response, the site period. This paper gives an overview of the site conditions in the CUSP demonstration network area and presents natural periods obtained from microtremor measurements conducted at the proposed instrument locations. In addition, a preliminary site response modelling was carried out using the 1-D site response program SHAKE [2] . Each site was modelled as a 3-layer column, bedrock overlaid with Pleistocene sediments overlaid with Holocene sediments. Site periods obtained by SHAKE modelling are presented and compared with the site periods obtained from microtremor measurements.
GEOLOGICAL SETTING
To the north of the Fraser River, surface geology mainly consists of glacial sediments such as till, with bedrock outcropping at the Queen Elizabeth Park near northwest corner of study area and some relatively thin (less than 50 m) Holocene deposits of silt and clay along the Fraser River (Figure 2a ).
The southern section of the study area lies on the Fraser River delta, which is a thick (up to roughly 300 m) accumulation of deltaic sediments such as sands and silts deposited entirely within the Holocene (Figure 2b ). These sediments overlie Pleistocene sediments, which in turn overlie the Tertiary bedrock. Amplification potential varies greatly over the delta as the thickness of the Holocene sediments is extremely variable and the bedrock surface beneath the delta is highly irregular [3, 4] . The largest ground accelerations during two past earthquakes were recorded near the edge of the delta rather than on the thickest sediments [5] .
SITE PERIOD ESTIMATIONS USING MICROTREMOR MEASUREMENTS
The use of microtremor measurements (MTM) in estimation of site response has been investigated since it was first proposed in the 1950s. Although there is ongoing discussion about the applicability of it in various site conditions and ground shaking levels, it has been widely used to estimate the dominant period of soil deposits [6, 7, 8] .
Three approaches are commonly used to analyze data from MTM; power spectral densities obtained directly from the Fourier amplitudes, spectral ratios relative to a reference site, and Nakamura's technique [9] , which is defined as the spectral ratio of horizontal components to vertical components recorded at the same site (H/V ratio). Despite the recognised shortcomings of Nakamura's technique [10] , it has gained popularity quite rapidly in recent years as it provides reliable estimates of dominant periods of ground motion. Nakamura's technique describes the microtremors as Rayleigh waves propagating in a single layer over a half-space, and assumes that the microtremor motion is due to local sources such as traffic and human and construction activity nearby. It further assumes that the vertical component of ground motion is not amplified by the soil layer. Hence, the spectral ratio of the horizontal to the vertical components at the surface (H/V ratio) gives an estimate of the period at which it peaks, corresponding to the site period.
FIELD TEST PROCEDURE

Stability of Microtremor Measurements
A common concern is whether MTM can be used to obtain a representative characteristic of ground motions due to variation of the sources with time. The stability of microtremor measurements to the variations of the sources with time was validated at a strong-motion station (MNY) site on the northern basin edge of Fraser River delta, 100 m north of the grid point C5 (Figure 1) . The procedure included a series of 96 observations over a 10-day period. The analysis of the stability and variability of site frequencies and amplitudes, and investigation of the influence factors such as weather, ocean waves and local activity showed that the two site frequencies observed at MNY were fairly stable although the amplitudes fluctuated. The two frequencies were 0.2Hz, a relatively low frequency whose amplitudes were affected by the variation of sea waves, and 2.4Hz, whose amplitudes were controlled by the level of disturbance nearby, peaking during week days and decreasing at the weekends. Neither the frequencies nor the amplitudes were affected by weather conditions, such as air-temperature and rain.
Data Acquisition
The hardware used in the MTM consisted of velocity transducers, an amplifier, an analog-to-digital converter and a computer for data acquisition. The velocity sensors had a natural period of 1 second, amplitude range of ±3000 µm/s2, and resolution of 0.005 µm/s2. Three sensors were deployed for every measurement, two in two orthogonal horizontal directions and one in vertical direction. The amplifier unit improved the quality of the signals by extending the natural period to 5 seconds, filtering undesired frequencies and amplifying the signals. An 8-channel, 12-bit analog-to-digital (A/D) converter digitized the recorded data. The data acquisition computer was used to monitor the data collection, store the digitized data and to carry out preliminary data analysis on site.
Microtremor measurements were carried out in May and June 2002. The weather was generally calm with no strong winds or rain. Measurement locations were as close as possible to the proposed CUSP instrument locations, however care was taken to avoid direct heavy traffic pulses, manholes, foundations or other underground structures When the measurements had to be conducted on grass instead of concrete or asphalt pavement, a metal plate was set up underneath the sensors. Multiple measurements were carried out at locations where there was heavy traffic.
FIELD TEST RESULTS
The software, DASam [11] was used for data acquisition and preliminary analysis, such as producing plots of time-histories, Fourier spectra, and spectral ratios. An engineering spreadsheet, DADisp was the platform for the calculation of Fourier spectra, identification of dominant periods and spectral amplitudes, and for the calculation of H/V ratios. Nakamura's method was used to obtain natural periods (T n ) from which corresponding natural frequencies (f n ) were obtained, and amplitudes of the H/V ratios. The results are given in Table 1 . A confidence level for each measurement is also indicated. "Very high" corresponds to 90%, "High" to 70% and "Medium" to 50%, respectively. The results in Table 1 show that the site periods in the region vary from about 0.3 sec to about 4.2 sec, and that the H/V amplification ratios vary from about 2 to about 8. Sample plots of H/V ratios are presented in Figure 3 . The three windows on red background display 300-second long timehistories for three components, two horizontal and one vertical. The three windows underneath the timehistories display the Fourier spectra, two horizontal components in blue and red, vertical component in yellow. The two windows to the right of the time-histories present the H/V ratios obtained using each horizontal component. 
Figure 3. Sample H/V ratio plots
The natural periods obtained from MTM are overlaid on the surface geology maps in Figure 4 . Although the general trend of short-period bedrock and long-period modern sediments can be observed in these maps, localized features such as the uncharacteristically short site periods of 0.45 seconds in the southeast corner (E9) and 0.67 (A6) and 0.71 (B6) seconds in the northwest corner of the Richmond study area do not seem to fit well with the surface geology distribution.
The thickness of the sediments is a key factor that affects the site period. Within the Fraser River delta the thickness of the sediments varies significantly. In Figure 5 , the distribution of the thickness of Holocene deposits in the Richmond study area [12] is presented overlaid by site periods obtained from MTM. The three anomalies mentioned previously can be explained by the shallow Holocene deposits in those areas. However, there are features that the Holocene thickness by itself is not enough to explain such as the long site period of 4.17 seconds in the south central study area (D9).
In Figure 6 , the site periods are presented on a depth-to-bedrock map, which gives the combined thickness of Holocene and Pleistocene sediments. Although the Holocene deposits are relatively shallow (approximately 100 m) at the long period site mentioned in the previous paragraph, the thickness of the Pleistocene, hence the depth-to-bedrock is the largest in the study area (just over 700 m). 
SITE MODELLING RESULTS
In this section the results of a simple preliminary modelling are presented and compared with the measured values. The same CUSP sites in the Richmond area were modelled using the 1-D site response program SHAKE [2] . The stratigraphy was simplified to three layers; Bedrock, Pleistocene deposits and Holocene deposits. The thickness and shear wave velocity used for each layer are summarized in Table 2 , which were obtained from boreholes and seismic reflection surveys [12] . The average unit weights used for modelling are 19.5 kN/m 3 for Holocene deposits, 23.3 kN/m 3 for Pleistocene and 25.0 kN/m 3 for bedrock [13] , which were estimated from cone penetration tests and bulk density measurements [14, 15] . The thickness of the Holocene sediments range from 35 m to 300 m in the study area and the average shear wave velocity of these sediments vary with depth. This variation was taken into account using shear wave velocity versus depth data compiled from surface refraction and seismic cone penetrometer surveys conducted in this area [4] . Low amplitude input ground motion (PGA: 0.11g) was used such that no inelastic response of the site was generated. Site periods were obtained from the peaks of amplification spectra (ratio of spectra at the top of the soil column to the spectra at the bottom).
The site periods obtained from the SHAKE modelling are presented in Table 2 and compared with the MTM periods in Figure 7 . It can be seen in this figure that the SHAKE periods are generally larger than the MTM periods, but at some sites there is a good match between the two. To further understand the reasons for these differences, the SHAKE periods are also overlaid on depth-to-Pleistocene map (thickness of Holocene deposits) and depth-to-bedrock map (thickness of Holocene and Pleistocene sediments) in the Richmond study area (Figures 8 and 9, respectively) . The site periods range from 1.64 seconds at the northern edge of the delta (D6) to 4.35 seconds at the southern boundary of the study area (D9). The distribution generally reflects the thickness of the sediments, both Holocene and Pleistocene. The deepest Holocene sediments are at the southwest corner of the study area (roughly 300 m), and the deepest Pleistocene sediments are at the southern boundary of the study area (roughly 525 m). Geotechnical properties of the sediments highly vary by depth, especially at this range of several hundred metres. The first order modelling presented here uses average shear wave velocities for Holocene sediments. The variation of the velocities by depth is roughly taken into account by changing the average velocity based on the thickness of the sediments. Figure 10 that the results are most sensitive to the thickness and the shear wave velocity of the Holocene deposits. When the Holocene thickness is increased by 10% or the shear wave velocity of the Holocene sediments is decreased by 10%, the site period increases by 10%. In contrast, varying the unit weights does not seem to have much effect on the resulting site periods.
CONCLUSIONS
This paper presented a site period investigation at nodes on a 1-km grid within a 6-km by 8-km area in Vancouver, BC. The area investigated includes a range of site conditions, and has been selected as the pilot application area for an urban seismic instrumentation project (CUSP) undertaken by the Geological Survey of Canada. A series of microtremor measurements in the pilot CUSP area yielded site periods ranging from 0.05 seconds at bedrock outcrop to 4.2 seconds at some sites on the Fraser River delta.
Site periods were also estimated using a preliminary 1-D site-modeling using program SHAKE for sites on the Fraser River delta. Each site was represented by a simplified 3-layer model with Holocene deposits, Pleistocene deposits and bedrock. The highest site period obtained from SHAKE modeling was 4.35 seconds roughly 3 km of Richmond City Hall, for which the microtremor measurements indicated a site period of 4.17 seconds. In general, the periods computed by SHAKE were larger than the MTM periods, but in a few cases there was a reasonable match between the two results.
To the south of the Fraser River, the site periods obtained from MTM vary from 0.67 seconds (A6) to 4.17 seconds (multiple sites including D9), whereas site periods obtained from SHAKE modeling vary from Among the parameters investigated, the analytical modelling is most sensitive to variations in the thickness and shear wave velocity of the Holocene deposits. Hence, better knowledge of the geographical and stratigraphical distribution of these parameters would improve the models. More refined models are currently in progress for the same sites, which will include several sublayers within each layer to better reflect the changes in soil properties by depth. This project is intended to proceed with a more detailed 1-D modelling followed by an examination of available data for more sophisticated modelling and analyses. In addition, a re-analysis of microtremor measurements is planned to obtain better resolutions at longer periods. Further microtremor measurements are also being considered for other urban areas of British Columbia, especially in other parts of the Vancouver region and Victoria on Vancouver Island.
